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Measurements of nuclear spin-dependent parity-violating (NSD-PV) effects provide an excellent
opportunity to test nuclear models and to search for physics beyond the Standard Model. Molecules
possess closely-spaced states with opposite parity which may be easily tuned to degeneracy to greatly
enhance the observed parity-violating effects. A high-sensitivity measurement of NSD-PV effects
using light triatomic molecules is in preparation [E. B. Norrgard, et al., Commun. Phys. 2, 77
(2019)]. Importantly, by comparing these measurements in light nuclei with prior and ongoing
measurements in heavier systems, the contribution to NSD-PV from Z0-boson exchange between
the electrons and the nuclei may be separated from the contribution of the nuclear anapole moment.
Furthermore, light triatomic molecules offer the possibility to search for new particles, such as the
postulated Z′ boson. In this work, we detail a sensitive measurement scheme and present high-
accuracy molecular and nuclear calculations needed for interpretation of NSD-PV experiments on
triatomic molecules composed of light elements Be, Mg, N, and C. The ab initio nuclear structure
calculations, performed within the No-Core Shell Model (NCSM) provide a reliable prediction of
the magnitude of different contributions to the NSD-PV effects in the four nuclei. These results
differ significantly from the predictions of the standard single-particle model and highlight the
importance of including many-body effects in such calculations. In order to extract the NSD-PV
contributions from measurements, a parity-violating interaction parameter WPV, which depends on
molecular structure, needs to be known with high accuracy. We have calculated these parameters
for the triatomic molecules of interest using the relativistic coupled-cluster approach. In order
to facilitate the interpretation of future experiments we provide uncertainties on the calculated
parameters. A scheme for measurement using laser-cooled polyatomic molecules in a molecular
fountain is presented, along with an estimate of the expected sensitivity of such an experiment.
This experimental scheme, combined with the presented state-of-the-art calculations, opens exciting
prospects for a measurement of the anapole moment and the PV effects due to the electron-nucleon
interactions with unprecedented accuracy and for a new path towards detection of signatures of
physics beyond the Standard Model.
I. INTRODUCTION
Measurements and calculations of parity-violating ef-
fects in atoms and molecules are important both for
the verification of the Standard Model (SM) and for
the investigation of phenomena that cannot be explained
within this model, such as the nature of dark matter and
the matter-antimatter asymmetry. One of the candidates
for the dark-matter particles is a low-mass Z ′ boson [1–
3]. The best limits on the parity-violating interaction of
this Z ′ boson with electrons, protons, and neutrons were
obtained from the data on atomic parity violation [4];
in particular, information on its interaction with nucle-
ons was extracted from the measurements of the nuclear
anapole moment of the 133Cs nucleus in Ref. [5]. The
∗ a.borschevsky@rug.nl
possibility to study the nuclear anapole moments in addi-
tional systems, and thus to set further constraints on this
interaction, provides a major motivation for the current
work.
The notion of the anapole moment was introduced by
Zel’dovich in 1958 [6]. The nuclear anapole moment was
originally considered in Ref. [7] and calculated in Ref. [8]
for a number of heavy atoms. This work also proposed
possible schemes to observe nuclear anapole-moment ef-
fects in atomic and molecular experiments. Studies of
the nuclear anapole-moment effects can provide infor-
mation about parity-violating nuclear forces [7, 8] and
may be considered as a test of nuclear theory and low-
energy quantum chromodynamics. The nuclear anapole-
moment rapidly increases with the nucleon number A (as
A2/3) and dominates the nuclear-spin-dependent parity-
violating (NSD-PV) effects in heavy atoms [7, 8].
In light atoms, additional parity-violating mechanisms
become important or even dominate the nuclear anapole-
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2moment effect. One such effect is the exchange of the
Standard Model Z0 boson (or potential yet-undiscovered
Z ′ bosons) between an electron and individual nucle-
ons [9], which remains poorly characterized despite the
great strides recently in electron-scattering experiments
[10, 11]. Therefore, NSD-PV measurements in light nu-
clei are sensitive tests of the Standard Model and may
be used to search for new particles such as Z ′ bosons
and particles contributing to electroweak radiative cor-
rections.
Compared with atoms, the NSD-PV effects are
strongly enhanced in molecules due to the close-lying
states of opposite parity [12–14]. The Stark interfer-
ence technique, which uses external fields to bring the
rotational or hyperfine levels with opposite parity into
near-degeneracy, has been widely employed in the search
for these effects (see e.g. Refs. [15–19]). A recent pro-
posal identified linear triatomic molecules as promising
systems to measure NSD-PV effects [20]. A general fea-
ture of such molecules is that they have closely-spaced `-
doublets with opposite parity, allowing parity-violation-
sensitive pairs of levels to be brought to degeneracy in
magnetic fields typically two orders of magnitude smaller
than needed for the diatomic molecules. Moreover, it is in
principle possible to measure NSD-PV effects in all three
nuclei of these molecules, which would allow the various
underlying parity-violating effects to be disentangled.
Light triatomic molecules are especially attractive can-
didates for precision measurements of the NSD-PV ef-
fects. A proper interpretation of an NSD-PV measure-
ment relies on accurate molecular and nuclear structure
parameters. High-accuracy theoretical determination of
the molecular properties becomes more computationally
tractable for lighter systems, and, even more importantly,
nuclear calculations are significantly more accurate and
more reliable than in heavy elements. Here, we perform
rigorous, high-accuracy calculations of the molecular and
nuclear parameters required to interpret NSD-PV mea-
surements in molecules composed of the light elements
Be, C, N, and Mg. We find that the parameters charac-
terizing the molecule-specific sensitivity are in line with
those of isoelectronic diatomic molecules [21, 22], as well
as prior semi-empirical estimates [20, 23]. However, our
ab-initio nuclear calculations find the nuclear anapole-
moment interactions to be much stronger (typically 2 to 4
times larger) than predicted by a standard single-particle
model [7, 8, 24, 25], while the NSD-PV effects attributed
to Z0-boson exchange are typically reduced. This high-
lights the necessity of including many-body effects for
correctly interpreting NSD-PV measurements, even in
light nuclear systems. Moreover, the Be and Mg cyanide
and isocyanide molecules considered here have favorable
laser-cooling and trapping properties, which are essential
to enabling high-sensitivity measurements through long
interaction times. We conclude by considering the ex-
perimental sensitivity to NSD-PV effects of laser-cooled
molecules in free flight. Using realistic parameters, the
sensitivity of this method can exceed that of molecules
in an optical trap [20].
II. THEORY
The NSD-PV interaction with the atomic or molecular
electrons can be defined by the effective Hamiltonian [8,
26]
HeffNSD-PV =
κGF√
2
(α · I
I
)
ρ(r), (1)
where GF is the Fermi weak interaction coupling con-
stant, the Dirac matrices α are defined in the usual way,
I is the nuclear spin, and ρ(r) is the nuclear density dis-
tribution function normalized to 1.
In a given nucleus, various underlying electroweak
interactions contribute to the total NSD-PV effect:
κ = κA + κax + κhfs. In this section, we proceed by con-
sidering each of these three terms in turn, then explore
how to evaluate Eq. (1) in a molecular system.
The effective coupling constant κA describes the
strength of the nuclear anapole-moment interaction. In
a simple valence nucleon model, κA takes the form [8, 26]
κA =
9
10
αµi
mpr0
giA
2/3 K
I + 1
' 1.15× 10−3giµiA2/3 K
I + 1
,
(2)
where α ' 1/137 is the fine-structure constant, mp is
the proton mass, r0 ' 1.2 fm is the scale of the nu-
clear radius, µi (µp ' 2.793 [27, 28] for proton, µn '
−1.913 [27, 28] for neutron) is the nucleon magnetic mo-
ment in nuclear magnetons, A is the mass number, and
K = (I + 1/2)(−1)I−`i+1/2, with li being the orbital
angular momentum (quantum number) of the external
unpaired nucleon. The anapole contribution also de-
pends on the poorly-known dimensionless constants gi
(i = p, n), which characterize the nucleon-nucleus weak
potential. In Refs. [8, 29] these constants were expressed
in terms of a meson-exchange model, and in Ref. [30] the
results based on different calculations of meson-nucleon
interactions are presented. Using the most recent ex-
perimental data [31], the authors of Ref. [30] obtained
gp = 3.4 ± 0.8 and gn = 0.9 ± 0.6. In the following, we
will use central points gp = 3.4 and gn = 0.9 for the
single-particle model estimates of the magnitude of the
anapole moment. We note that this updated estimate
of gn has opposite sign compared to the one used in ear-
lier molecule NSD-PV considerations [17, 20]. One of the
aims of the measurements of NSD-PV effects is to extract
reliable values of these constants.
The nuclear anapole moment of 133Cs was confirmed
at a 7σ significance level by Wood et al., with the value
of κA ' 0.392 ± 0.056 [5]. A more accurate theoreti-
cal treatment performed after the experiment obtained a
similar value [29]. Further NSD-PV measurements in Cs
with improved precision have been proposed [32, 33], and
3additional experiments have been designed to study the
nuclear anapole-moment effect in other atoms with un-
paired nucleons, such as 137Ba (using the BaF molecule)
[17], 163Dy [34], 171Yb [35], and 212Fr [36].
The second contribution, κax, is associated with the
Z0-exchange interaction between the electron vector and
the nucleon axial-vector currents (VeAN ) [9]. The mag-
nitude of κax within the nuclear shell model is [7]
κax = C2
1/2−K
I + 1
, (3)
where C2 represents the VeAN coupling, which takes the
value C2 ≡ −C2p for a valence proton and C2 ≡ −C2n
for a valence neutron [37]. Here, C2p and C2n are given
by
C2p = −C2n = gA(1− 4 sin2 θW )/2 ' 0.05, (4)
with gA ' 1.26 [37] and sin2θW ' 0.23 [38].
The PVDIS experiment [10] combined with the Cs PV
measurement [5] provides the best determination to date
of the linear combination 2C2u − C2d (u and d stand-
ing for the up and the down quarks, respectively) with a
50% uncertainty, with substantial improvement expected
from the upcoming SoLID experiment [11]. However,
the determination of C2u and 2C2d individually is lim-
ited by the orthogonal linear combination C2u + 2C2d,
which is presently known with several times less preci-
sion. Measurements of NSD-PV in light molecule sys-
tems are complimentary to the ongoing scattering-based
measurements because 9Be and 25Mg possess an un-
paired neutron, meaning these nuclei are primarily sen-
sitive to C2n ' −0.4C2u + 0.8C2d [39]. Combined with
PVDIS/SoLID, a precision NSD-PV measurement in one
of the systems considered here would represent the first
experimental determination of C2u and C2d.
The third contribution, κhfs, originates in the nuclear-
spin-independent weak interaction combined with the hy-
perfine interaction [25]. In the single-particle approxima-
tion, it is given by [25, 40]
κhfs = −1
3
QW
αµ
mpr0A1/3
' 2.5× 10−4A2/3µ, (5)
where µ is the magnetic moment of the nucleus in units
of nuclear magneton and QW is the nuclear weak charge.
The hyperfine interaction scales like A2/3, similar to the
anapole interaction, but due to the small numerical pref-
actor it is strongly suppressed.
Equations (2) and (3) estimate κA and κax respectively
in the single-particle (i.e. valence nucleon) limit. This
model ignores nucleon-nucleon interactions (apart from
the parity-violating effects), and is an especially rough
approximation for nuclei with partially-filled shells. In
Section III we use a more sophisticated no-core shell
model (NCSM) [41] to calculate the anapole moments
and κax of the
9Be, 13C, 14,15N, and 25Mg nuclei.
We should note another NSD-PV effect produced by
the (tensor-type) interaction between the electrons and
the nuclear weak quadrupole moment. Measurements of
these moments will allow the first determination of the
quadrupole moments of the neutron distribution in nu-
clei and provide a test of the theory of nuclear forces
with applications to nuclei and neutron stars [42–44]. As
with other NSD-PV effects, the effect of the nuclear weak
quadruple moment is expected to be enhanced in certain
systems [45].
Eq. (1) can be rewritten for the 2Σ1/2 and
2Π1/2 elec-
tronic states [17, 26] as
HeffNSD-PV = κWPV
(
nˆ× Seff
)
· I/I, (6)
where nˆ is the unit vector pointing from the heavier to
the lighter nucleus along the internuclear axis, and Seff
is the effective spin of the valence electron. In order to
precisely determine the effective coupling constant κ from
experiments, the parameter WPV needs to be known with
high accuracy. This parameter depends on the electronic
structure and is specific to the given atom or molecule
and to the electronic state. It is defined by the matrix
element between two different |Ω〉 states [46],
WPV ≡ GF√
2
〈+ 12 | ρ(r)α+ |− 12 〉 , (7)
with
α+ = αx + iαy =
(
0 σx
σx 0
)
+ i
(
0 σy
σy 0
)
, (8)
where σx and σy are the Pauli matrices and ρ(r) is the
nuclear density distribution function, which is assumed
to have a Gaussian shape. WPV cannot be measured and
has to be provided by sophisticated molecular calcula-
tions.
We use the relativistic coupled-cluster approach to de-
termine the WPV coupling constants of the BeNC, BeCN,
MgNC, and MgCN molecules with the highest possible
accuracy; these results are presented in Section IV. This
approach is considered to be the most powerful and ac-
curate method for computational investigation of atomic
and molecular properties. In the context of the NSD-
PV it was previously applied to RaF [46], HgH [47], and
BaF [22]. An advantage of this method is the possibility
of setting uncertainty estimates on the obtained results,
which we also do in the present work. To the best of
our knowledge, no prior numerical investigations of the
sensitivity of the above systems to the NSD-PV effects
are available.
III. NO-CORE SHELL MODEL NUCLEAR
CALCULATIONS
In the NCSM, nuclei are considered to be systems of A
nonrelativistic point-like nucleons interacting via realis-
tic two- and three-body interactions. Each nucleon is an
active degree of freedom and the translational invariance
of observables, the angular momentum, and the parity
4of the nucleus are conserved. The many-body wave func-
tion is expanded over a basis of antisymmetric A-nucleon
harmonic oscillator (HO) states. The basis contains up
to Nmax HO excitations above the lowest-possible Pauli
configuration and depends on an additional parameter Ω,
the frequency of the HO well.
The only input for the present NCSM calculations
was the Hamiltonian from Ref. [48] consisting of chiral
nucleon-nucleon (NN) interaction obtained at the fourth
order of chiral perturbation expansion (N3LO) [49] and
chiral three-nucleon (3N) interaction at the N2LO or-
der denoted NN N3LO + 3N(lnl). For a more efficient
convergence, the Hamiltonian was renormalized by the
Similarity-Renormalization-Group (SRG) unitary trans-
formation [50, 51] with the evolution parameter λSRG=2
fm−1. For 9Be, the largest basis space we were able
to reach was Nmax=9, while for the other p-shell nu-
clei we calculated up to Nmax=7 using the importance
truncation [52, 53] for Nmax=7. The
25Mg is on the bor-
derline of NCSM applicability. Only calculations up to
Nmax=3 were performed using importance truncation for
Nmax=3. The m-scheme dimensions of the largest basis
spaces were of the order of 108. The HO frequency of
~Ω=20 MeV, optimised in Ref. [48] was used.
The natural (i.e., ground-state) parity eigenstates are
obtained in the even Nmax spaces while the unnatural
parity eigenstates in the odd Nmax spaces. The parity
non-conserving (PNC) NN interaction admixes the un-
natural parity states in the ground state,
|ψgs I〉 = |ψgs Ipi〉+
∑
j
|ψj I−pi〉 (9)
× 1
Egs − Ej 〈ψj I
−pi|V PNCNN |ψgs Ipi〉 ,
which then gives rise to the anapole moment. We used
the Desplanques, Donoghue, and Holstein (DDH) PNC
NN interaction of Ref. [54] with their recommended pa-
rameter values except for the fpi ≡ h1pi=2.6× 10−7 taken
from Ref. [31]. In NCSM, when the |ψgs Ipi〉 is calculated
in Nmax space, the corresponding unnatural parity states
appearing in Eq. (9) are obtained in Nmax+1 space. It
is not necessary to compute many excited unnatural par-
ity states as Eq. (9) suggests. Rather, the wave function
|ψgs I〉 is obtained by solving the Schro¨dinger equation
with an inhomogeneous term
(Egs −H)|ψgs I〉 = V PNCNN |ψgs Ipi〉 . (10)
To invert this equation, we apply the Lanczos algo-
rithm [55–57].
In the presented calculations, we use the spin part of
the anapole operator
as =
pie
m
A∑
i=1
µi(ri × σi) , (11)
which gives the dominant contribution to the anapole
moment [58]. In Eq. (11), m is the nucleon mass and µi
is the nucleon magnetic moment in units of nuclear mag-
neton, i.e., µi=µp(1/2+tz,i)+µn(1/2−tz,i) with tz,i=1/2
(−1/2) for proton (neutron). The relationship between
κA and as is given by
κA =
√
2e
GF
as, (12)
with
as = 〈ψgs I Iz=I|a(1)s,0|ψgs I Iz=I〉. (13)
Using Eqs. (9), (11), (12), and (13) we calculate the
anapole moment similarly to Ref. [59] and find for the
dimensionless coupling constant κA
κA = −i4pi e
2
GF
~
mc
(II10|II)√
2I + 1
(14)
×
∑
j
〈ψgs Ipi||
√
4pi/3
A∑
i=1
µiri[Y1(rˆi)σi]
(1)||ψj I−pi〉
× 1
Egs − Ej 〈ψj I
−pi|V PNCNN |ψgs Ipi〉 ,
where (II10|II)=I/√I(I + 1).
We have also performed NCSM calculations for the
matrix elements of the spin operators that serve as in-
put for the calculation of the coupling constant κax= −
2C2p〈sp,z〉−2C2n〈sn,z〉'−0.1〈sp,z〉+0.1〈sn,z〉. The spin
operator matrix elements are defined as
〈sν,z〉≡〈ψgs IpiIz=I|sν,z|ψgs IpiIz=I〉, (15)
with ν=p, n.
Our results for the anapole-moment coupling constants
κA and κax in
9Be, 13C, 14,15N, and 25Mg are summarised
in Table I. Overall, the basis size convergence of the re-
sults is quite reasonable, as shown in Fig. 1 presenting
the dependence of κA of
9Be on the NCSM basis size
characterised by Nmax. We can thus evaluate the uncer-
tainties due to the basis size convergence at about 10%
(25% for 25Mg). The other sources of uncertainty are
renormalization and incompleteness of the transition op-
erators and the uncertainties due to the description of
nuclear and the parity-violating forces.
In Table I, we also present NCSM results for magnetic
moments, where we can compare our results with exper-
imental values. Overall, we find a qualitative agreement
with experiment with some underestimation of absolute
values. This is not surprising, since the present calcu-
lations included only the one-body M1 operator. It is
well established that two-body currents contribute non-
negligibly to M1 matrix elements in light nuclei [60].
While the dominant sources of uncertainty are different
for the calculated dipole moments and the NSD-PV pa-
rameters, we can still use the deviation of the former
from experiment as a rough estimate of the accuracy of
the calculations of the latter.
Table I also contains the single-particle model esti-
mates of the different contributions to the NSD-PV con-
stant κ = κA + κax + κhfs obtained using equations (2-5)
5TABLE I: Magnetic moments (in units of nuclear
magneton) [28, 61–65], anapole-moment coupling
constants, spin operator matrix elements, and κax
coupling constants for 9Be, 13C, 14,15N and 25Mg
obtained within NCSM. The results obtained using the
single-particle model are also shown, along with the
valence particle (V.p.) and the valence orbital (V.o) for
each nucleus.
9Be 13C 14N 15N 25Mg
Ipi 3/2− 1/2− 1+ 1/2− 5/2+
µexp. -1.177a 0.702b 0.404c -0.283d -0.855e
NCSM calculations
µ -1.05 0.44 0.37 -0.25 -0.50
κA 0.016 -0.028 0.036 0.088 0.035
〈sp,z〉 0.009 -0.049 -0.183 -0.148 0.06
〈sn,z〉 0.360 -0.141 -0.1815 0.004 0.30
κax 0.035 -0.019 0.0002 0.015 0.024
κ 0.050 -0.046 0.037 0.103 0.057
Single-particle model calculations
V. p. n n n, p p n
V. o. p3/2 p1/2 p1/2 p1/2 d5/2
K -2 1 1 1 -3
κA 0.007 -0.007 0.035 0.044 0.014
κax 0.050 -0.017 0.0 0.017 0.050
κhfs -0.001 0.001 0.0006 -0.0004 -0.002
κ 0.056 -0.023 0.036 0.060 0.062
a Refs. [28, 61]; b Refs. [28, 62]; c Refs. [28, 63]; d Refs.
[28, 64]; e Refs. [28, 65].
for the nuclei in the molecules considered in the present
work. Note that the 14N nucleus contains a valence pro-
ton and a valence neutron, both in the p1/2 orbital with
K = 1. The nuclear magnetic moment µ ' 0.404 is given,
to a good accuracy, by the sum of the magnetic moments
of 13C (with valence p1/2 neutron) and
15N (with valence
p1/2 proton). Therefore, we took the sum of the valence
proton and neutron contributions for the other constants.
The NCSM κA results are higher in absolute values
than the single-particle model ones by a factor of 2–4,
except for 14N. The largest differences are found in the
mid-shell nuclei 9Be, 13C and 25Mg, for which the single-
particle model has limited applicability. The 14N anapole
moment is proportional to the sum of the 15N and 13C
anapole moments that have opposite signs and conse-
quently it is particularly sensitive to the V PNCNN parametri-
sation and the other computational details. The NCSM
κax results are close to the single-particle model for
13C and 15N while they differ more substantially for
the mid-shell 9Be and 25Mg. For 14N, the κax'0 as
〈sp,z〉' − 〈sn,z〉.
The results obtained within the single-particle model
predict that the Z0-boson exchange constant κax dom-
inates for the light nuclei containing a valence neutron,
that is 25Mg, 13C, and 9Be are significantly more sensi-
tive to κax, while in the
14N and 15N nuclei the anapole-
1 3 5 7 9 11
Nmax
0
0.005
0.01
0.015
0.02
0.025
0.03
κ A
NCSM 
SP model9Be
FIG. 1: Dependence of the anapole-moment coupling
constant κA for
9Be on the size of the NCSM basis
characterized by Nmax. The dashed line represents κA
obtained in the single-particle model.
moment effect dominates. However, a different picture
emerges from the NCSM calculations: κax still domi-
nates in 9Be, while 14N and 15N are more sensitive to
the anapole moments, and 25Mg and 13C have roughly
the same sensitivities to the two effects. Furthermore,
within the single-particle model, the total NSD-PV ef-
fect is roughly equivalent in 9Be, 15N, and 25Mg, while
the NCSM calculations predict a significantly larger to-
tal κ in 15N. This difference highlights the importance of
using sophisticated computational methods beyond the
single-particle model.
The presented NCSM calculations of the anapole mo-
ments of light nuclei can be improved in several ways.
First, higher-order terms in the anapole-moment opera-
tor including two-body current contributions [66] should
be included. Second, both the anapole-moment opera-
tor and the PNC NN interaction should be SRG renor-
malized consistently with the nuclear chiral Hamiltonian.
The technical capability to do this in the NCSM has been
developed [67] and the renormalization calculations are
underway. We anticipate that the SRG renormalization
will reduce the κA in absolute value. At the same time,
we note that the calculated Egs energies in Eqs. (9) and
(14) could be phenomenologically corrected so that the
excitation energies of the lowest unnatural parity states
match experimental values. This would enhance the ab-
solute values of κA. This correction was not applied here
to compensate to some extent for the lack of the SRG
renormalization. One should also explore the sensitivity
of the results to the form of the PNC interaction by ap-
plying the recently derived chiral PV nuclear forces [68].
Given the good basis size convergence of both κA and
κax found in the present calculations, we can be opti-
mistic that uncertainties of nuclear calculations for light
nuclei can be reduced to ∼ 10% once the above improve-
ments are implemented. The NCSM used here, as well as
6the valence-space in-medium similarity renormalization
group (VS IM-SRG), are suitable treatments for nuclei
with partially filled shells, but current state-of-the-art of
multi-shell calculations (required for anapole moments)
is limited to systems up to about Mg [69].
Many heavy nuclei are currently targets of NSD-PV
measurements. While the single-particle model is appro-
priate for a nucleus with a single nucleon or hole out-
side a closed shell, such as 133Cs [5] or 137Ba [18], our
work highlights the importance of extending our compu-
tational framework to model heavy nuclei with partially
filled shells, such as 163Dy [34], 171Yb [35], and 212Fr [36].
IV. ELECTRONIC STRUCTURE
CALCULATIONS OF THE WPV COUPLING
CONSTANTS.
The main factors that determine the quality of a calcu-
lation of any molecular property are the treatment of rel-
ativity and electron correlation and the choice or the ba-
sis set. For high-accuracy determination of the WPV pa-
rameters, relativistic effects should be incorporated into
the calculations and correlation should be treated within
a state-of-the-art approach. Furthermore, high-quality
basis sets should be used to provide a good description
of the electronic wavefunctions, especially in the region
near the nuclei.
In this work, the calculations are performed using the
developer’s version of the DIRAC program package [70],
within the Dirac-Coulomb Hamiltonian,
H0 =
∑
i
[
cαi · pi + βimec2 + V (ri)
]
+
∑
i<j
e2
rij
. (16)
The Coulomb potential V (ri) takes into account the finite
size of the nuclei, modelled by Gaussian charge distribu-
tions [71].
In order to investigate the impact of treatment of
the electron correlation on the calculated WPV param-
eters, we compare open-shell single determinant average-
of-configuration Dirac-Hartree-Fock [72] and the single-
reference relativistic coupled-cluster method with single
and double excitations (CCSD) and augmented with per-
turbative triple excitations (CCSD(T)) [73].
We employ Dyall’s relativistic basis sets [74, 75] of
varying quality to examine the basis set size effects on
the calculated WPV parameters. We also augment these
basis sets manually with specific functions needed for im-
proving the quality of the calculations (in particular for
description of the nuclear region).
The first step in our study is to establish the equilib-
rium geometries of the molecules (only that of MgNC
is available from experiment [76]). We thus perform
molecular geometry optimizations, using the relativistic
CCSD(T) approach and the dyall.v4z basis sets, aug-
mented with one extra diffuse function for each symme-
try (s-aug-dyall.v4z). The calculated equilibrium bond
TABLE II: Equilibrium bond lengths of BeNC, BeCN,
MgNC, and MgCN (A˚).
R1 R2 Method Ref.
BeNC 1.528 1.181 CCSD(T) This work
1.57 1.19 DFT [77]
BeCN 1.668 1.164 CCSD(T) This work
1.69 1.17 DFT [77]
MgNC 1.931 1.179 CCSD(T) This work
1.925 1.169 Exp. [76]
1.947 1.181 CCSD(T) [78]
MgCN 2.069 1.166 CCSD(T) This work
2.074 1.168 CCSD(T) [78]
R1: equilibrium distance between the first and the second atoms.
R2: equilibrium distance between the second and the third atoms.
lengths together with the results from the previous stud-
ies for BeNC, BeCN, MgNC, and MgNC are summarized
in Table II.
Our results are in good agreement with the experimen-
tal geometry of the MgNC molecule, and with the earlier
CCSD(T) results (obtained with somewhat smaller ba-
sis sets), lending credence to our predictions for the rest
of the molecules, where experimental data are lacking.
For BeNC and BeCN, the only previous study was per-
formed within the DFT approach [77] and those results
have larger discrepancies with the current predictions,
in particular for R1. It is worth mentioning that equilib-
rium bond lengths between the first and the second atoms
(R1) in isocyanides are shorter than that in cyanides due
to the higher electronegativity of nitrogen compared to
carbon.
The calculations of theWPV parameters are carried out
within the framework of the finite-field (FF) approach
[79, 80], where the NSD-PV interaction is added as a
perturbation. In this approach, the total Hamiltonian
includes the usual unperturbed term defined in Eq. (16)
and a perturbative term arising from Eq. (7),
H(λN ) = H0 +
GF√
2
λNρ(rN )α+, (17)
where λN is a small perturbation parameter describing
the strength of the effective NSD-PV effect for the nu-
cleus N and ρ(rN ) is the nuclear density distribution
function of the corresponding nucleus. For triatomic
molecules there are three WPV values (one for each nu-
cleus). Since the perturbation parameters λN are small,
the total energy can be expanded around λN = 0. We
then obtain
E(λN ) = E(0) + λN
∂E(λN )
∂λN
∣∣∣∣
λN→0
+ ... (18)
Combining Eq. (18) with Eqs. (7) and (17) and invok-
ing the Hellmann-Feynman theorem we get
WPV(N) ≡ ∂E(λN )
∂λN
∣∣∣∣
λN→0
. (19)
7TABLE III: WPV parameters (Hz), calculated at the
equilibrium geometry and using the optimised basis sets
(see text for further detail).
Molecule Nucleus DHF CCSD CCSD(T)
Be 0.402 0.498 0.498
BeNC N 0.169 0.331 0.340
C 0.006 0.005 0.004
Be 0.440 0.542 0.540
BeCN C 0.124 0.269 0.278
N 0.017 0.029 0.030
Mg 4.016 5.298 5.297
MgNC N 0.191 0.443 0.454
C 0.012 0.015 0.014
Mg 4.022 5.310 5.310
MgNC† N 0.191 0.457 0.469
C 0.012 0.015 0.014
Mg 4.099 5.430 5.419
MgCN C 0.143 0.363 0.375
N 0.029 0.063 0.064
† Results obtained using experimental geometry, Ref. [76].
In order to obtain good linearity in the energy depen-
dence on λN , so that the higher-order terms can be ig-
nored while not losing the total energy shift within the
precision of the calculation, selection of the optimal field
strength is important. Since the effects tend to be small
for light nuclei, we use fields of 10−5 a.u. for Be and C
and smaller fields of 10−6 a.u. for Mg and N. Moreover,
we require the energy convergence of the coupled-cluster
iterations to be 10−12 a.u. In practice, we compute the
total energies using two field strengths, which are taken
symmetrically with respect to zero, and employ the 2-
point formula to obtain the WPV parameters. This is
done separately for each nucleus.
Using the optimised molecular geometries and the fi-
nite field approach, we performed calculations of theWPV
parameters. The basis set tests we have carried out show
that in terms of basis set quality, the results tend to
be converged at the v4z level. Switching to the core-
valence, cv4z basis sets, which include two extra d-type
tight (high-exponent) functions and one extra f-type tight
function changes the calculated WPV of the metal atoms
by less than 0.001%. Furthermore, addition of diffuse
functions (using singly augmented v4z basis, s-aug-v4z)
has very little effect on the results, less than 0.5 % in all
cases. On the other hand, we found that the calculated
constants are sensitive to the presence of tight s and p
functions, as was also observed in our previous works
[22, 81, 82]. This is due to the fact that such functions
improve the description of the electronic wave function
in the nuclear region. We have added tight p and s func-
tions (designated as ts, tp) to the standard v4z basis sets
until we obtained convergence of the calculated WPV con-
stants. The final basis sets are v4z+4tp for Be and Mg
and v4z+3ts+4tp for C and N. The WPV parameters
calculated at the equilibrium bond lengths and using the
optimised basis sets are presented in Table III. For the
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FIG. 2: Theoretical uncertainties in the calculated
WPV parameters of Be, N, and C in BeNC, given in %
with respect to the final result. The lower panel presents
a detailed breakdown of various sources of uncertainty.
coupled-cluster calculations, virtual space cutoff of 200
a.u. was used.
For the metal atoms, the electron correlation con-
tributes approximately 20% to the WPV values, while the
effect of the triple excitations is negligible. As expected,
the WPV values for Mg are larger than those for Be, in
keeping with the predicted scaling of the effect roughly as
Z2 for light elements [24]. Furthermore, the ligand struc-
ture (cyanide vs. isocyanide compounds) has negligible
effect on the WPV of the metal atoms; the results ob-
tained here are also in good agreement with those for the
diatomic BeF and MgF compounds investigated in our
earlier work [22]. From Eq. 7, the WPV parameter de-
pends on the overlap of the wavefunction of the unpaired
electron with the nucleus. Our results are consistent with
the unpaired electron being largely centred on the metal
atom in all the species considered here. This property is
also an identifying feature of laser coolable molecules: an
unpaired electron that is highly centred on a single atom
8in both the ground and excited electronic states allows
for optical cycling with minimal vibrational branching
[20]. The observation that WPV is significantly reduced
for the third atom in all cases is again the result of the
unpaired electron being centred on the metal atom. For
example, in BeCN, WPV(Be) (about 0.5 Hz) is nearly 100
times larger than WPV(N) (about 0.008 Hz), despite N
being the heaviest nucleus in this molecule.
The correlation effects play a larger role for the WPV
parameters of carbon and nitrogen, and contribute up to
50% of their total values; furthermore, the contribution
of the triple excitations is on the order of 2-10%. This is
due to the fact that the molecular bonding effects become
important for the sensitivity of the ligand to the NSD-
PV phenomena, and high-quality treatment of electron
correlation is needed to capture these effects.
The WPV values are used to interpret the experimen-
tal results. Therefore, it is important to estimate their
uncertainty, which we do through a comprehensive in-
vestigation of the effect of the various computational pa-
rameters on the calculated WPV. The main remaining
sources of uncertainty (for a relativistic CCSD(T) calcu-
lations with the optimised basis sets) are the remaining
basis set incompleteness, the neglect of the relativistic
effects beyond the DC Hamiltonian, the neglect of the
higher excitations (beyond perturbative triples) and the
effect of the virtual space cutoff in the correlation treat-
ment. We address each of these separately by investigat-
ing the BeNC molecule; the different contributions are
summarised in Table IV for each of the atoms.
The effect of the basis set quality is evaluated by tak-
ing the difference between the results obtained with the
v4z and the v3z basis sets, on the assumption that the
residual basis set incompleteness should be smaller than
this difference. The effect of lacking tight high angular
momentum functions is extracted from comparison of a
v4z basis set calculation with a cv4z basis one. We then
consider the effect of augmentation of the basis set by
comparison with the s-aug-v4z for the diffuse functions.
For the tight functions, we use as estimate the change
in the result upon removing one tight s and one tight p
function from the optimised basis set.
In order to test the effect of the virtual space cut-off
we performed the calculations with a higher cut-off of 340
a.u (which includes an additional set of virtual orbitals in
relation to the original cut-off), and took the difference
between these results and those obtained with a cut-off
of 200 a.u. as the corresponding uncertainty. The con-
tribution of perturbative triple excitations is quite small,
in all the cases. To estimate the error due to the neglect
of full triple and higher-order excitations, we follow the
scheme introduced in Ref. [22], and use the spread in the
values obtained with different schemes of inclusion of the
triple excitations, namely, we take twice the difference
between the CCSD+T and CCSD-T values.
We use twice the size of the Gaunt contribution [83],
calculated at the SCF level, to estimate the uncertainties
due to the neglect of the Breit interaction and the QED
TABLE IV: Summary of the main sources of
theoretical uncertainty in the calculated WPV
parameters of Be, C, N in BeNC, given in % with
respect to the final result.
Error source Be N C
Basis quality 6.18 2.79 1.11
Higher l functions 0.02 0.01 1.15
Basis augmentations
Tight functions 1.05 5.03 4.78
Diffuse functions 0.01 0.07 0.06
Correlation
Virtual space cut-off 0.20 0.54 0.08
Residual triples and
higher excitations 0.06 0.47 3.77
Relativity 0.03 0.03 0.13
Geometry 0.35 4.84 5.25
Total (%) 6.29 7.56 8.20
Total (Hz) 0.0313 0.0257 0.0003
effects. This contribution is extremely small for the 3
atoms, due to their low atomic number.
The remaining source of error is due to the molecular
geometry. For MgCN, BeCN, and BeNC we calculate the
WPV values at optimised equilibrium geometries; such
optimisation carries a certain error. We can evaluate the
resulting uncertainty by comparing the results obtained
with the optimised and the experimental geometries in
MgNC (Table III). We take the difference between these
values multiplied by 1.5 as a conservative estimate of the
uncertainty due to the possible errors in the molecular
geometry. Assuming MgNC and the rest of the systems
to be structurally similar, we use the same uncertainty
in % for the four molecules.
Since we are dealing with higher-order effects, we as-
sume the different sources of error to be largely indepen-
dent, and thus obtain the total errors using quadratic
sum (Table IV). The total relative uncertainties are
smallest for the metal and largest for the outer ligand.
The weight of the contributions of the different sources of
uncertainty is also different for the three atoms (Fig. 2).
These differences reflect the position of the atom in the
molecule, and the effects of the electronic structure and
bonding. For the three atoms, the contribution of the ba-
sis set effects to the uncertainty is the largest. However,
while this is the clearly dominating contribution in case
of Be, for the middle atom the uncertainty in the geom-
etry also plays an important role. For carbon, these two
sources of uncertainty are augmented by that stemming
from the neglect of the higher-order excitations, due to
the higher sensitivity of the outer ligand to correlation
effects.
We use the results of the investigation on BeNC to
assign uncertainties on the WPV values of Be, N, and C
in the rest of the systems. However, we see that both
the absolute WPV and the uncertainties are determined
by the position of the atom in the molecule, rather than
by its atomic number. We thus base the uncertainty
9TABLE V: Recommended values of the WPV
parameters (Hz) with corresponding uncertainties.
Mol.
Atom Atom 1 Atom 2 Atom 3
Be Mg
BeNC 0.50 − 0.34 0.004
BeCN 0.54 − 0.28 0.030
MgNC − 5.3 0.45 0.014
MgNC† − 5.3 0.47 0.014
MgCN − 5.4 0.37 0.064
Uncertainty (%) 6.3 4.9 7.6 8.2
† Results obtained using experimental geometry [76].
evaluation on the position: for example, to evaluate the
uncertainty of the calculated WPV of N (the outer ligand)
in BeCN, we use the estimate of the uncertainty of C in
BeNC, where C had an outer position. The uncertainty
for Mg was obtained by a separate study on MgNC.
Table V contains the final recommended WPV obtained
at the CCSD(T) level of theory, along with the corre-
sponding uncertainties.
V. EXPERIMENTAL CONSIDERATIONS
Testing the Standard Model NSD-PV effects in light
nuclei calculated in Sections III and IV requires high sen-
sitivity measurements of the effective NSD-PV Hamilto-
nian (Eq. (6)) matrix elements iW . A shot noise-limited
measurement of iW has uncertainty δW = 1/τ
√RNT ,
where τ is the interaction time of a single measure-
ment, R is the repetition rate, N the number of trapped
molecules per measurement, and T the total measure-
ment time. Ref. [20] details a Stark interference scheme
[17–19] for measuring NSD-PV in polyatomic molecules
in an optical dipole trap. There, it is expected that dif-
ferential ac Stark shifts from the trapping laser limit τ .
2 ms. AssumingR = 10 s−1 and N = 1000 molecules, the
expected statistical uncertainty is δW ∼ 2pi×1 Hz/√Hz.
Here we consider an alternative measurement scheme
based on Stark interference of laser-cooled molecules
in free flight with the potential for even greater sen-
sitivity. We begin by reviewing in brief the Stark in-
terference method to highlight the increased sensitiv-
ity when measuring NSD-PV between nearly-degenerate
opposite-parity states. Next, we use 25MgNC as an
example to show that the first excited bending mode
of linear polyatomic molecules may have several parity
violation-sensitive state pairs which are tuneable to near-
degeneracy with low (. 100 G) magnetic fields. We con-
clude this section by estimating the free-flight measure-
ment scheme’s sensitivity to NSD-PV and consider likely
leading broadening mechanisms and systematic effects.
A. Stark Interference
Because the effective NSD-PV Hamiltonian Eq. (6) is
a pseudoscalar interaction, it connects opposite parity
states with the same total angular momentum projection
mF . The NSD-PV signal may be measured by the Stark
interference between two such states [15–17, 84]. Denot-
ing the time-dependent probability amplitudes of these
states c±(t), and assuming an initial state c−(0) = 1,
c+(0) = 0, the system evolves in the presence of an os-
cillating electric field E = E0 cos(ωEt)zˆ. The effective
Hamiltonian Heff± for the two level system is [84]
Heff± =
(
∆ dE0 cos(ωE t) + iW
dE0 cos(ωE t)− iW −α′E02 cos2(ωE t)/2
)
.
(20)
Here ∆ is the energy difference of the opposite-parity
states, d is the transition dipole moment, α′ is the dif-
ferential polarizability of the two states, and iW is the
matrix element of Eq. (6) we wish to measure. In the
limit where W  dE0,∆  ωE , and α′ = 0, the PV
signal S= |c+(t)|2 is
S ' 4
[
2
W
∆
dE0
ωE
+
(
dE0
ωE
)2]
sin2
(
∆ t
2
)
. (21)
The first term in square brackets of Eq. 21 is the com-
bined PV and electric dipole transition probability. This
term changes sign under a reversal of either E or ∆.
The PV matrix element iW may be extracted through
an asymmetry measurement [17]
A = S(+E0)− S(−E0)
S(+E0) + S(−E0) = 2
W
∆
ωE
dE0
+ . . . , (22)
where the ellipsis denotes higher-order terms in W/∆.
B. Example: Parity-Violation-Sensitive Level
Crossings in MgNC
From Eq. (22), it is clear that the parity-violating
asymmetry A is enhanced for small detuning ∆.
In linear triatomic molecules, ∆ can approach zero
for parity-violation-sensitive pairs of levels via Zee-
man tuning with modest magnetic field B . 100 G
(1 G = 10−4 T). Of the four molecular species considered
here, MgNC has the most complete spectroscopy (Ta-
ble VI). The energy of the 25MgNC measurement state
(the |X2Σ; (v1v`2v3) = (0110), N = 1〉 state) is plotted as
a function of magnetic field B in Fig. 3, with some simpli-
fications and approximations discussed below. Well over
a dozen points are circled in Fig. 3 identifying crossings
of states which interact via Eq. (6) in modest magnetic
fields B . 100 G. Energies are calculated by diagonaliz-
ing the Hamiltonian Eq. (1) of Ref. [20] using the mea-
sured spin-rotation and hyperfine constants presented in
Table VI. Here, B is the rotational constant, γ is the
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FIG. 3: Examples of parity-violation-sensitive pair
crossings in linear molecule. Energy of MgNC
|X2Σ; (v1v`2v3) = (0110), N = 1〉 spin-rotation and
hyperfine Zeeman sublevels as a function of magnetic
field B. Solid (dashed) lines have parity P = +1
(P = −1). Crossings of parity-violation-sensitive pairs
are circled. Gray lines correspond to state which do not
have a parity-violation-sensitive crossing in this range of
magnetic field. Other colors correspond to states with a
particular value of total angular momentum project mF
(see legend). Note that |N = 1, G = 3, F = 3, 4, P 〉 are
nearly degenerate when B = 0.
spin-rotation constant, b and c are the Frosch and Foley
hyperfine parameters, qv=2 is the `-doubling constant,
and eq0Q and eq2Q are electric quadrupole constants
[85, 86]. Because b γ, this state is best approximated
by Hund’s case (bβS) in the field-free case. The states
in Fig. 3 are labeled according to the angular momentum
coupling scheme I + S = G,G + N = F . Here I is
the Mg nuclear spin (I = 5/2), S is the total electron
spin (S = 1/2), N is the rotational plus orbital angular
momentum, and F is the total angular momentum [85].
In Fig. 3, the small hyperfine structure due to N and
C is neglected [88]. Inclusion of additional nuclear spins
increases the number of states by a factor of the spin
multiplicity, and in many case leads to additional level
crossings. For a 2Π vibronic state, as is the case for
the measurement state, the T22(eqQ) component of the
25Mg electric quadrupole hyperfine constant eq2Q must
be included [86]. This parameter appears not to have
been measured yet, but is typically of opposite sign and
TABLE VI: Estimated spectroscopic parameters for
the |X2Σ, (v1, v`2, v3) = (0110), N = 1〉 state of 25MgNC.
Parameter Value (MHz) State of Measurement Ref.
B 6046.887 X2Σ, (0110) [87]
γ 15.3 X2Σ, (0110) [87]
b(25Mg) -298 X2Σ, (0000) [76]
c(25Mg) 14.72 X2Σ, (0000) [76]
qv=2 27.3863 X
2Σ, (0110) [87]
eq0Q(
25Mg) -19.5 X2Σ, (0000) [76]
eq2Q(
25Mg) 40 Estimate
larger in magnitude than the parameter eq0Q [85]. We
use eq2Q = 40 MHz as a crude estimate. Varying the
value of eq2Q = 0 MHz to 100 MHz in our calcula-
tion is found to not change general features of of Fig. 3,
only the values of B at which levels cross. The hyper-
fine parameters taken from Ref. [88] were measured in
the (v1v
`
2v3) = (00
00) vibrational state, but due to the
ionic nature of the Mg-N bond should not change sub-
stantially when exciting to the first bending mode. Fi-
nally, the parameters listed in Table VI result in the
levels |N = 1, G = 3, F = 3, 4, P 〉 being nearly degener-
ate (∼ 1 MHz spacing) in the field-free case; this is insub-
stantial to the NSD-PV measurement but is noted for
clarity of Fig. 3.
C. Free Flight Method
In the free flight method, laser-cooled molecules may
be launched upward into an interaction region (e.g. via
Stark acceleration [89] or white light pushing laser beams
[90]) to form a molecule fountain as illustrated in Fig. 4,
or more simply, released to drop through an interac-
tion region. Once in free flight, molecules are effi-
ciently prepared in a particular Zeeman sublevel of the
|X2Σ; (v1v`2v3) = (0110), N = 1〉manifold via Stimulated
Raman adiabatic passage [91] in order to access the `-
doublet structure. The interaction region contains elec-
tric field plates to provide the oscillating electric field E ,
and electromagnet coils to Zeeman tune to degeneracy
a particular pair of opposite-parity states. The popula-
tion transfer signal S is read out by laser spectroscopy as
molecules fall out of the interaction region.
The primary advantage of the free flight method com-
pared to the optical trapping scheme of Ref. [20] is the
potential to increase interaction time τ . This is at the
expense of increasing the volume V explored by the
molecules during the interaction time. The optimal inter-
action time (and therefore the measurement sensitivity)
will be limited by the magnitude of uncompensated elec-
tric and magnetic fields and field gradients over the inter-
action volume V . For a molecule ensemble with typical
velocity vt and initial spatial extent r, when τ  r/vt,
V is proportional to τ2. In the case τ  r/vt is propor-
tional to τ4. In contrast, for molecules in an optical trap
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FIG. 4: Potential nuclear spin-dependent parity-violation measurement scheme. (Left) Laser-cooled triatomic
molecules are prepared in the first bending mode to access the `-doublet structure, and are launched upward into an
interaction region to form a molecule fountain. Oscillating electric field E drives electric dipole transitions between
states of opposite parity. Magnetic field B tunes to degeneracy a particular pair of opposite-parity states |ψ±〉 to
enhance their interaction via the effective parity-violating Hamiltonian HeffNSD-PV. Population transfer from the
initial state to the degenerate opposite-parity state is read out by laser spectroscopy after molecules fall back out of
the interaction region. (Right) Stark interference: State transfer (orange) is parity dependent due to the combined
NSD-PV interactions (wavy line) and electric dipole interaction interfering constructively or destructively depending
on the relative orientations of the electron spin, nuclear spin, and molecule axis.
the field must only be homogeneous over a small inter-
action volume of typically . 1 mm3 regardless of interac-
tion time. A typical molecule magneto-optical trap has
radius r ∼ 2 mm [92, 93]. The optical cycling transition
of MgNC has a wavelength of λ= 383 nm [87, 88], cor-
responding to a recoil velocity vr = h/mλ = 2.0 cm/s
and recoil temperature Tr = mv
2
r/2kB = 2.5µK (m is
the molecule mass and kB is the Boltzmann constant).
With an interaction time τ = 10 ms and assuming mod-
est sub-Doppler cooling to T = 10Tr, the molecule cloud
would expand ∼ 0.6 mm in each dimension while drop-
ping 0.5 mm (or rising 0.25 mm and returning in the case
of a fountain). In this case the interaction volume could
be limited to V . 20 mm3.
Assuming τ = 10 ms for a free flight measurement, we
may estimate the sensitivity to NSD-PV effects. Consid-
ering typical for diatomic molecule magneto-optical trap
populations and assuming good launch efficiency into the
interaction region, we expect N ' 104 molecules per
measurement. Compared to the case of loading an opti-
cal dipole trap, we expect more molecules in a free flight
measurement as it avoids additional losses from inefficient
trap transfers. The repetition rate will likely be some-
what reduced due to the longer measurement sequence
to R ' 1 s−1. The rate of molecules measured RN is
therefore likely to be comparable between the two meth-
ods. For τ = 10 ms, we expect δW = 2pi×0.16 Hz/√Hz
for a free-flight NSD-PV measurement, or roughly a fac-
tor of 6 more sensitive than the optical dipole trapping
scheme.
Achieving interaction time-limited sensitivity at τ =
10 ms would require a corresponding 6-fold improvement
in the magnetic field uniformity over the entire inter-
action volume; in this example, δB . 1/τµB ' 70µG
(with µB the Bohr magneton). The low magnetic fields
required for this measurement may easily be reversed to
aid in detecting field gradients. B-field mimicing E × v
effects from nonreversing electric fields Enr are unlikely to
be important; for example, Enr = 1 mV/cm corresponds
to a magnetic field uncertainty of ' 300 nG after gravi-
tational acceleration for τ = 10 ms.
Finally, we may comment on the expected magnitude
of known systematic effects which mimic the NSD-PV
asymmetry signal. In the recent measurements in a BaF
beam, the combination of residual B-field gradient with
Enr was shown to mimic the NSD-PV asymmetry at
the 10 mHz level[18, 19]. As the required B is reduced
by a factor of roughly 100–1000 compared to diatomic
molecules, if we assume the gradients are proportional
to the magnitude of the field applied, this systematic
uncertainty would appear at the 10µHz–100µHz level
for polyatomic molecules. Using as a typical value of
C˜ ≡ 〈(nˆ×Seff) ·I/I〉 ' 0.1 [17, 20], this systematic error
is below the total theoretical uncertainty of W = κWPVC˜
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for 25Mg, but will need to be reduced by roughly an or-
der of magnitude when measuring NSD-PV in the other
nuclei.
VI. CONCLUSIONS
We have calculated for multiple nuclei and molecular
species the parameters necessary to interpret NSD-PV
measurements in light triatomic molecules: nuclear pa-
rameter κ with ∼ 30% uncertainty and molecular param-
eter WPV with 5%-10% uncertainty. The enhanced sensi-
tivity to NSD-PV effects in polyatomic molecules enables
measurements in these light species, where the conflu-
ence of our molecular and nuclear calculations allows us
to predict the expected Standard Model NSD-PV effect
with unprecedented high accuracy. This is a marked im-
provement in theoretical uncertainty compared to heavy
atoms and molecules.
By using laser-cooled polyatomic molecules in a
fountain-like configuration, we have estimated that the
matrix elements of Eq. (6) could be measured with an
experimental sensitivity of roughly 2pi × 0.16 Hz/√Hz.
At this sensitivity, the WPV values and Standard Model
values for κ calculated here suggest that a 10 % statisti-
cal uncertainty measurement could be achieved with an
averaging time of about 1 hour for 25Mg, or about one
week for 9Be, 13C, and 14,15N. Should it turn out that
the NSD-PV effect is significantly larger than expected,
it would potentially be a signature of new physics, such
as a Z ′ boson.
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APPENDIX: SIGNS AND NOTATION
Here we clarify some confusion in the sign of the VeAN
parameter (here called κax) in recent literature, using
133Cs as an example. All sources presented here predict a
positive contribution for the VeAN term to κ(Cs), except
for [17] and [20]. The discrepancy appears to be due to is
an incorrect substitution in Refs. [17] and [20] of C2 →
C2ν , instead of the C2 ≡ −C2ν used elsewhere. The
subtlety of this point is compounded by the inconsistency
in the literature on the symbol for this (C2, K2, κ2 have
all been used) and a proliferation of minus signs. Various
examples of notations for κ, definition of C2, and the
VeAN contribution to κ and its sign are listed below.
Note that for Cs, we have a valence proton, I = 7/2,
`ν=4, K = 4.
This work:
κ = κA + κax + κhfs,
κax = C2
1/2−K
I + 1
,
C2 = −C2P = −0.05,
κax(Cs) > 0.
(23)
Flambaum & Khriplovich [7]:
κ = κa + κax + κhfs
κax = −K − 1/2
I + 1
K2,
K2 = −C2P = −0.05,
κax(Cs) > 0.
(24)
Flambaum & Murray [29]:
κ = κa − κax + κhfs
κax = −K − 1/2
K
κ2,
κ2 = −C2P = −0.05,
− κax(Cs) > 0.
(25)
Haxton & Wieman [94]
κ = κanapole + κZ0 + κQW
κZ0 = −1.26(1− 4 sin2 θW ) (−1)
I−`−mt
2`+ 1
,
mt = +1/2 (−1/2) for proton (neutron)
κZ0(Cs) = +0.0140 > 0.
(26)
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Gringes & Flambaum [37]:
hˆ = hˆNC + hˆ
I
NC + hˆ
I
Q
hˆINC = −κ2
K − 1/2
I + 1
,
κ2 = −C2,
C2 = C2P = 0.05,
hˆINC(Cs) > 0.
(27)
Gomez et al. [95]:
κ = κa − K − 1/2
K
κ2 +
I + 1
K
κQW
κ2,p = −C2P = −0.05,
− K − 1/2
K
κ2,p > 0.
(28)
DeMille et al. [17] and Norrgard et al. [20]:
κ′ = κ′a + κ
′
2 + κ
′
Q
κ′2 = C2ν
1/2−K
I + 1
,
C2P = +0.05,
κ′2(Cs) < 0.
(29)
While neither of Refs. [17] and [20] list κ′2(Cs) explicitly,
we can check the sign using Table I of Ref. [17] for 139La,
as it matches the case for 133Cs (valence proton, I = 7/2,
`=4, K = 4); they give κ′2 = −0.039.
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